Introduction
The bacterial cell wall is a rigid network surrounding the cytoplasmic membrane that is required for cellular integrity and the maintenance of cell shape in virtually all eubacteria. The cell wall is composed of peptidoglycan, a macromolecule consisting of polysaccharides crosslinked by peptide bonds, and bears the stress of turgor pressures as high as 25 atmospheres to protect bacteria from osmotic shock and mechanical stress (Holtje, 1998; Vollmer and Bertsche, 2008) . The cell wall is hydrated [~85% of the mass is bound water (Hobot et al., 1984) ], stiff, viscoelastic, and is the primary load-bearing material in both Gram-negative and Gram-positive bacteria (Xu et al., 1996; Yao et al., 1999) .
Peptidoglycan synthesis, remodelling and regulation are central to bacterial physiology, with cell shape and size directly involved in a variety of critical functions including division, cell motility, cellular differentiation and immunity. A growing body of evidence suggests that cytoskeletal proteins control the spatial organization of peptidoglycan growth in replicating bacteria and participate in regulating the size and shape of cells. Electron cryotomography has revealed a common peptidoglycan ultrastructure in isolated, intact cell walls (sacculi) from Escherichia coli and Caulobacter crescentus with a single, 2 to 4 nm-thick layer of glycan strands that are preferentially oriented circumferentially around the cylindrical cell body (Gan et al., 2008) . In Bacillus subtilis, there is evidence that the glycan strands form cables that have an orientation similar to that in E. coli and C. crescentus (Hayhurst et al., 2008) .
Theoretical models have provided a framework for inferring the molecular stiffness of the peptide cross-links from macroscopic measurements of the peptidoglycan Young's modulus (Boulbitch et al., 2000) and determining the consequent effects on cell shape (Huang et al., 2008; Furchtgott et al., 2011) .
Although peptidoglycan is widely conserved in bacteria, our understanding of its physical properties is limited to studies from a small number of model organisms, and it is unclear how pertinent these characteristics are across bacteria. The stiffness of a material can be described by the tensile elasticity or Young's modulus (E), which is measured in units of Pa (N m -2 ) and represents the ratio between the applied stress on the material (force per unit area) and the resulting strain (fractional change in length). The Young's modulus is analogous to the force constant describing the restoring force exerted by a stretched spring: for a block of material of length L, the force F required to cause a fractional length change DL/L0 is F = EADL/L0, where A is the area of the face onto which the force is applied. In principle, the Young's modulus can vary depending on the direction of the applied force; our analysis focuses on the modulus in the direction of growth: that is, along the long axis of the cell. For a thin shell similar to the cell wall of a rod-shaped bacterium in which the cross-sectional face is an annulus of thickness d, the force required for extension in the longitudinal direction increases linearly with d. A Gram-positive cell with a thicker wall (and thus a greater cross-sectional area) will require a larger force for its extension than a Gramnegative cell with a thinner wall. As a result, a Grampositive cell will extend less at a given stress (such as that produced by turgor pressure) if the Young's modulus of the wall is the same as a Gram-negative cell. Representing the elastic properties of a material as a single value of the Young's modulus assumes a linear response (force linearly proportional to extension); a non-linear response can be translated into a range of values of the Young's modulus.
Tensile strength measurements and atomic force microscopy (AFM) are two methods that have been used to measure the Young's modulus for intact peptidoglycan fragments and for both live and dead bacterial cells. Using tensile strength measurements, Thwaites and Mendelson studied extruded filaments of cells from B. subtilis strain FJ7 (Dlyt) and determined that the Young's modulus of the cells (E cell) was~30 MPa (Table 1) (Thwaites and Mendelson, 1989; Thwaites and Surana, 1991) . Although this method is conceptually straightforward, an obvious disadvantage is that most bacterial strains do not form mesoscopic threads and hence are not compatible with this technique.
In a typical AFM experiment, cells are immobilized on a surface and imaged using contact or tapping mode AFM. Force curves are measured at various locations on the cell surface and are fit to a model of cell mechanics to Young' s modulus measurements for Gram-negative (pink) and Gram-positive (gray) Kumar et al. (2009) extract the Young's modulus. AFM has been used to measure Ecell for several Gram-positive and Gramnegative bacteria using force spectroscopy or force volume mode measurements, although reported values vary by several orders of magnitude, even for a single species (Table 1) . Despite the quantitative nature of AFM, several technical challenges remain, most notably: (i) modulus measurements are typically restricted to a small area of the cell surface, which can lead to large standard deviations (Abu-Lail and Camesano, 2006) , (ii) local deformations of the cell wall may be larger than the diameter of the probe (Vadillo-Rodriguez et al., 2008) , (iii) meticulous sample preparation, measurements and data analysis are required and (iv) the cost, throughput and availability of these instruments in microbiology labs is generally prohibitive. Therefore, a technique for the rapid screening of strains, mutants or environmental conditions that influence the mechanical properties of the cell wall in vivo will be critical for expanding the exploration of mechanical properties initiated by AFM studies.
Here we report a new technique for measuring the mechanical properties of bacterial cells in vivo that we refer to as Cell Length Analysis of Mechanical Properties (CLAMP). This methodology represents a first step in developing a high-throughput capability for measuring bacterial cell stiffness in a species-independent manner. As the cell envelope is a complex structure consisting of multiple materials, we refer to this stiffness as an effective Young's modulus (E cell). CLAMP combines quantitative analysis of time-lapse imaging and biophysical modelling to enable the determination of Ecell using standard equipment found in microbiology labs. We encapsulated bacterial cells in layers of agarose with a user-defined stiffness (Egel), determined the initial growth rates of individual cells in hydrogels of varying stiffness using phase contrast optical microscopy and fit the data to three-dimensional finite-element simulations to determine Ecell. The synthesis of biophysical theory and experiment has previously been successful in elucidating the mechanisms by which bacteria determine and maintain their shape (Huang et al., 2008; Furchtgott et al., 2011) ; here we employed modelling to establish a framework for interpreting CLAMP-derived imaging data.
We used CLAMP to measure and compare Ecell for E. coli MG1655, Pseudomonas aeruginosa PAO1 and B. subtilis BB11. Despite the differences in cell wall thickness among these species, our results suggest that the Young's modulus of the cell envelope is similar, indicating that these species may share a common network architecture. We also found that depolymerization of MreB using the small molecule A22 did not significantly affect the longitudinal stiffness of E. coli cells, illustrating the utility of CLAMP in the study of how physiological perturbations affect the mechanical properties of bacterial cells. CLAMP therefore provides an integrated experimental and computational platform that enables fundamental studies of the bacterial cell wall. We envision that this paradigm will become the foundation for physical studies of living cells.
Results

Experimental system for measuring cell elongation in hydrogels
We designed our experimental system (Fig. 1) to be a quantitative, reproducible assay that is capable of medium-or high-throughput analysis of cell stiffness. This approach is technically straightforward, incorporates components found in most biological labs and consists of an extendable platform that accommodates the assaying of cellular mechanical properties in a wide variety of bacteria and other organisms, including yeast and fungi. We used agarose as the polymer for encapsulating bacteria for several reasons, including: (i) it is biocompatible and has been used previously to encapsulate a variety of cell types, including bacteria (Katsuragi et al., 2000; Zengler et al., 2002; Eun et al., 2011), (ii) it is chemically and mechanically stable and may be polymerized with userdefined stiffness spanning the kPa to MPa regime (Figs S1 and S2), (iii) it is relatively transparent to the diffusion of ions, small molecules, secondary metabolites and metabolic waste, and gases, which is an important feature for maintaining normal cell growth, (iv) it hydrates encapsulated cells, a critical factor impacting measurements of E cell by AFM (Table 1 ) and (v) bacteria in contact with agarose continue to grow (Fig. S3) .
We encapsulated cells in agarose layers and measured their growth using phase contrast microscopy and automated image analysis (Fig. 1) . In a typical experiment we adjusted the imaging focal plane of the microscope so that it extended~50 mm into the agarose from the top of the gel, thus avoiding issues of gas diffusion that could affect the growth of aerobic bacteria. We only measured and analysed the growth of bacterial cells that were separated by more than 5 mm from their closest neighbours to avoid mechanical interactions mediated by gel compression. For each species, we imaged the growth of~30 cells at each concentration of agarose every 1 min for 30 min, a time frame selected based on their typical division times in liquid media. To increase the number of cells appearing in focus at each time point, we found that the gel could be optically sectioned by moving the z-axis of the gel in 500 nm increments and imaging cells in 10 different focal planes (Fig. 1) .
Our initial experiments focused on E. coli, B. subtilis and P. aeruginosa because the mechanical properties of the bacterial cell wall have been most frequently examined in these organisms (Table 1) . We systematically analysed the growth of cells encapsulated in 1-8% (w/v) agarose gels.
To characterize the mechanical properties of these gels, we measured Egel for various agarose concentrations [infused with Luria-Bertani (LB) media, but without cells] using tensile testing with an Instron MicroTester. The modulus increased linearly with the agarose concentration over two orders of magnitude, with Egel ª 60 kPa for a 1% gel and 1500 kPa for an 8% gel (Fig. S1) .
We found that cells elongated linearly in agarose gels at early time points. Relative cell elongation (the change in cell length divided by the initial cell length, DL/L0) reached saturation slowly when encapsulated in gels of low Egel and more rapidly as Egel was increased (Fig. 2) . To ascertain whether the cells were still viable once cell length plateaued, we queried the metabolic state of encapsulated E. coli cells using the redox indicator 5-cyano 2,3-ditolyltetrazolium chloride. Encapsulated cells only slightly elongated after 90 min but nevertheless remained metabolically active (Fig. S4) . To ascertain whether cellular uptake of small molecules was affected by gel strength, we measured the diffusion of fluorescein through 1% and 5% agarose gels. The mean distance of fluorescein diffusion in these gels was within the standard deviation of the measurements (Fig. S5) , and thus we concluded that the decrease in growth rate for encapsulated cells was not due to nutrient diffusion. We therefore inferred that growth inhibition at increasing E gel can be attributed to the compressive force imparted by the agarose, which resists the extension of the bacterial cell wall. A. Cells are mixed with a warm agarose solution, poured into a polydimethylsiloxane (PDMS) chamber and gelled. The resulting agarose slab (15 mm on an edge, 250 mm tall) is mounted on a heated stage and imaged with phase contrast microscopy. B. Cells are imaged in multiple focal planes (z-stack) at 1 min intervals to increase the number of cells for analysis. The cell length, L, is determined over time using image analysis scripts. A-E. Growth curves of individual cells embedded in 1-5% agarose gels (n Ն 26 cells for each agarose concentration). Solid thick lines represent the average growth curve of all cells at a given agarose concentration, while shaded areas indicate one standard deviation above and below the mean growth curves. F. Compilation of average growth data from A-E at all agarose concentrations. Dashed lines are fits to Eq. 5 of the average growth during the first 20 min (black to green gradient denotes increasing agarose concentration and therefore increasing gel stiffness).
Analytical model of elongation in an elastic hydrogel
To provide a framework for interpreting our data on cell growth in elastic gels, we first present a simple onedimensional model of an elastic rod-shaped bacterial cell that predicts the qualitative growth dynamics in our experiments. We modelled the cell wall as a connected chain of n0 springs each with spring constant k and relaxed length lr; we use lowercase l to denote the length of a single spring and uppercase L to denote the length of the cell (Fig. 3A) . Each spring represents a longitudinally oriented peptide cross-link within the cell wall. For a cell wall with thickness d and radius r, k is related to the longitudinal Young's modulus Ecell via the relation k = 2prdEcell/lr. Since the springs are arranged in series, their combined mechanical response to an applied force is equivalent to that of a single spring with a smaller effective spring constant K0 = k/n0 and longer relaxed length L0r = n0lr. Before the cell is embedded in the gel, the only longitudinal force across the wall arises from turgor pressure P acting on the cell ends, which extends the combined length of the springs to a total length L0. Assuming that the cell is at mechanical equilibrium, each spring extends to a length l0 and force balance dictates that P = K0(L0 -L0r) where L0 = n0l0.
Once the cell is embedded in a gel, we assume that the major forces in the gel are compressive along the longitudinal axis due to cell growth. Thus, we represent the surrounding material as a spring with force constant Kg and model cell growth by inserting material to reach a new length of n springs (n > n0) so that the cell will extend to A. A rod-shaped bacterial cell is modelled as a connected line of n0 springs each with spring constant k and relaxed spring length lr, with pressure P exerting a force on the cell ends (red rectangles) that extends the length of the springs to l0. Initially, the turgor (FP) and spring extension forces (Fcw) are balanced. A multilayer cell wall with thickness d is modelled as multiple lines of springs. B. As the agarose-encapsulated cell grows to a length of n springs in a gel modelled by a spring constant Kg, full elongation (light red rectangles) is inhibited by the restoring force of the gel (Fgel). The newly inserted vertex and spring appear brown and in bold respectively. C. Relative elongation DL/L0 as a function of the fractional insertion h = Dn/n0 for different values of the stiffness ratio x = kd/n0Kg. Cell growth becomes increasingly inhibited as the gel modulus Kg increases (black to green gradient of curves, with Ecell = 100 MPa, d = 4 nm, n0 = 4000). For a fixed gel modulus of 800 kPa, the growth is more inhibited for longer cells (n0 = 10 000, red curve) and less inhibited for stiffer cells ( length L = nl (Fig. 3B) . The length of each spring after growth (l ) is a function of Kg and n and is less than the expected length l0 that would occur in liquid, due to the restoring force of the gel as the cell attempts to displace the gel. Equivalently, one can think of the gel as relieving some of the force due to turgor pressure, which then reduces the extension of the springs. We can estimate Kg from Egel by assuming that the force is evenly distributed within the gel over a length scale l that is similar to the micron size of the cell, such that Kg ª Egell. For Egel = 1 MPa and l = 1 mm, the equivalent spring constant is Kg = 1000 pN nm -1
. Balancing the force due to turgor pressure with the forces due to gel compression and cell extension,
For the case L = L0 and n = n0, Eq. 1 gives P k l l r = − ( ) 0 0 , which allows us to eliminate the variable P from the relative elongation of the cell. By balancing the compressive force of the gel with the expansion force of the cell due to growth ( Fig. 3B) , we find that,
To compare theory and experiment, we solved for the fractional extension in our model,
where DL = L -L0, h = Dn/n0 is the fractional insertion, and x = k/n0Kg is the ratio of the cellular and gel spring constants. Pressure does not appear on the right-hand side of Eq. 3, which is in agreement with a key prediction of our model: that is, the fractional extension (DL/L0) should be independent of turgor pressure, which contributes equally to DL and to L0 and hence cancels from the ratio. DL/L0 has a sigmoidal shape as a function of h that is qualitatively similar to our experimental measurements in Fig. 2 , with a growth saturation crossover point at h = 1 + x (Fig. 3C ). Our model predicts that some growth will occur even at high gel stiffness because there is initially little energy cost to compress the gel. Indeed, we observe that the growth rate of E. coli cells decreases but remains non-zero even in 5% agarose gels with stiffness of~1 MPa (Fig. 2E ). Although our model does not depend on where the new material is inserted in the cell wall, connecting the fractional insertion and the insertion rate over time requires assumptions regarding the dependence of insertion on applied force. The external force from gel compression can stall the peptidoglycan synthesis machinery if a certain amount of extension is required, for example, to make room for newly inserted material. However, stall effects will be less important at early time points after encapsulation since little gel compression will have taken place. Moreover, if the force applied by the peptidoglycan synthesis machinery during insertion is large enough compared with the force of gel compression such that stalling can be ignored, then insertion will be unaffected by the confinement of the cells in the gel and the relative insertion h will be approximately linear in time.
As cells continue to insert peptidoglycan, the resulting network will become increasingly compressed, and the cell length will saturate at L max = L0(1 + x); as the cell approaches this length, the gel compression increases to the point that the addition of new material results mostly in compression of the old material rather than elongation and further compression of the gel. In this scenario, our model predicts that the maximal relative extension (Lmax -L0)/L0 will scale inversely with the gel modulus (proportional to 1/Kg), independent of initial length.
A number of testable predictions follow immediately from Eq. 3. First, assuming that the gel stiffness Kg is a function only of the cross-sectional dimensions of the cell and hence is independent of n0, the fractional increases in length and initial elongation rate should depend directly on the initial cell length (which is proportional to n0); since longer cells require more compression of the gel to achieve a given fractional elongation, they will grow more slowly and saturate at a shorter fractional extension. Second, DL/L0 should be invariant to an equal scaling of k and Kg, and thus two cells that differ in stiffness by the ratio k1/k2 should grow similarly if embedded in hydrogels with the same ratio of stiffness. The cell stiffness may change either by constructing peptidoglycan with a different architecture or by varying the thickness of the cell wall; we expect that for the same Young's modulus, the stiffness will increase linearly with the thickness. Using a relaxed peptide length lr = 1 nm, Fig. 3C illustrates several predicted growth curves as a function of h for different values of the initial cell length (n0) and the longitudinal Young's moduli of the cell and the gel. The curves representing the same cell in gels of different stiffness (green) are qualitatively similar to the growth curves in Fig. 2F , with a decrease in growth as the gel stiffness increases.
Our theory predicts the growth kinetics of cells with a given value of the surface modulus dEcell (cell wall thickness multiplied by the Young's modulus) since the energy of the cell depends only on this product (Minc et al., 2009) . Thus, for testing an uncharacterized bacterium with CLAMP, a determination of the longitudinal Young's modulus obtained from growth kinetics similar to Fig. 3 requires an independent estimate of the cell wall thickness. Recent cryo-electron microscopy measurements have placed the cell wall thickness of the Gramnegative bacteria E. coli and C. crescentus at 2 to 4 nm (Gan et al., 2008) , suggesting that this may be a reasonable estimate for many Gram-negative cells. The thickness of the cell wall of the Gram-positive bacterium B. subtilis has been estimated at~30 nm (Thwaites and Surana, 1991; Matias and Beveridge, 2005; .
The initial elongation rate near h = 0 calculated from Eq. 3 is predicted to also depend on k, n0 and Kg and can be modelled by,
Using Eq. 4, we produced a set of curves representing the growth of 4 mm cells with a wall thickness of 4 nm, a radius of 500 nm and different Young's moduli that can be directly compared with our experimental data in Fig. 2 . To compare to experimental values, we measured the growth rate of E. coli cells in liquid in a microfluidic flow chamber (doubling time 23.7 Ϯ 3.5 min, see Experimental procedures and Fig. S6A ), which we assume closely mimics an unencapsulated growth environment and establishes the time scale for the synthesis and insertion of a given amount of material. The blue circles in Fig. 3D are experimental measurements derived from a linear fit to the first 5 min of E. coli MG1655 cell growth data at each agarose concentration in Fig. 2 , normalized to the microfluidic chamber growth rate. Our experimental measurements fall between the curves representing cells with longitudinal Young's moduli of 20 to 75 MPa, with the data at larger agarose concentrations falling between 50 and 75 MPa (Fig. 3D) . The range of possible Young's modulus values that are consistent with our data could represent a nonlinear response of the cell wall, or systematic experimental measurement errors. Nevertheless, the qualitative agreement between our model predictions and experimental measurements suggests that our model accurately represents the mechanical perturbations to the cell caused by gels of known stiffness, and provides an estimate for the stiffness of the cell wall.
Finite-element modelling of the bacterial cell wall as a thin shell
Although our one-dimensional model accurately predicts the qualitative behaviour of bacterial cells encapsulated in gels, a quantitative determination of the Young's modulus of the cell requires an accurate three-dimensional model of the cell geometry. To illustrate this point, there are two regions of the gel that have different responses depending on the initial cell length: the gel longitudinally compresses parallel to the long axis of the cell next to the endcaps, but also stretches adjacent to the cell body. The former compression is independent of L 0, but the latter stretching should scale with 1/L0, similar to the spring constant of the cell. Thus, to quantitatively predict the elastic properties of the cell, it was necessary to account for the geometric details of gel compression.
We modelled the cell envelope as a cylindrical thin shell with hemispherical endcaps whose deformation energy arises from bending, stretching and turgor forces. The gel is represented as a collection of connected small volumes with an isotropic Young's modulus whose compression energy was computed using a finite-element method (Zienkewicz, 2005) . We simulated growth by increasing the relaxed length of the cylindrical portion of the cell by a fraction f, thereby increasing the energy of the cell due to longitudinal compression, and allowed the cell to relax mechanically by displacing the surrounding gel (see Computational methods in Experimental procedures). We assumed that during the early stages of growth in which DL ª 0, the insertion of new material is unlikely to be inhibited by the surrounding gel; therefore, we focused only on the cell deformation for small f and constant insertion rate, such that the fractional insertion h is linear in time t.
Based on estimates from our one-dimensional model, we computed the strain after 1% elongation in cell walls with an initial length of 4 mm, E cell = 250 MPa, and cell wall thickness d = 4 nm embedded in a gel with Egel = 56 kPa (Fig. 4A) . The strain is clearly localized to a region of the gel within a few microns of the cell body (Fig. 4A) , validating both our selection of individual cells for analysis that were > 5 mm from other cells encapsulated in the hydrogel and our estimate of Kg in our one-dimensional model. Next, we determined the relative rate of elongation of the embedded cell d(DL/L0)/dh after 1% insertion as a function of Egel for cells with various values of Ecell (Fig. 4B) . To compare to experimental values, we normalized our measurements of the initial fractional elongation rate to the experimental time scale required for 1% insertion determined from the growth rate in a microfluidic flow chamber (Fig. S6A) . To address the stiffness of Grampositive cells, we also computed the gel stresses (Fig. 4C ) and relative rate of elongation (Fig. 4D) for a cell wall with thickness 30 nm and length 8 mm. The increase in thickness more than offsets the decrease in effective stiffness due to increased cell length, leading to faster fractional elongation for a given gel modulus. In Fig. 4B and D, the qualitative behaviour is similar to the predictions of our one-dimensional model in which cell elongation increases with increasing E cell and decreasing Egel. The data in Fig. 4B and D can thus be considered a set of standard curves to which experimental measurements of the initial elongation rate can be fit to determine the most likely longitudinal Young's modulus of a given species within the assumptions of our model.
CLAMP predicts similar Young's moduli for different bacterial species
Growth curves for individual cells of E. coli MG1655 (Fig. 2) , P. aeruginosa PAO1 (Fig. 5A) 
which is similar to the predicted behaviour in our onedimensional model (Eq. 3). We observed a similar degree of heterogeneity in the growth kinetics of individual cells encapsulated in gels and growing in microfluidic flow cells (Figs 2 and S6 ). In each case the single-cell growth curves were reasonably smooth and enabled us to extract the average initial growth rates in each gel and compare them to the predictions of our three-dimensional simulations (Fig. 4) . To do so, we also measured the doubling times in liquid of P. aeruginosa PAO1 cells (31.8 Ϯ 5.3 min, Fig. S6C ) and B. subtilis BB11 (28.8 Ϯ 7.1 min, Fig. S6D ). Given the similarities between P. aeruginosa and E. coli (23.7 Ϯ 3.5 min) doubling times and gel-encapsulated Fig. 4B ).
Our models predict that growth should be more inhibited for longer cells at the same gel stiffness. To test this prediction we used B. subtilis strain BB11 in which a single copy of ftsZ, a gene that encodes an essential division protein, is placed under IPTG control at the chromosomal locus; these cells form filaments in the absence of IPTG. We removed IPTG and incubated B. subtilis BB11 to promote modest filamentation, and then measured the growth of cells encapsulated in 1% to 8% agarose gels. We binned cells based on whether their starting length was shorter than 9 mm or longer than 12 mm, and analysed their growth rates. As predicted, cell elongation was more inhibited for longer cells in gels of a given agarose concentration (Fig. S7) . For gels at low agarose concentrations, B. subtilis BB11 growth curves exhibited an upward curvature at longer time scales. This increase in growth rate may arise from the tearing of the gel at high strains (~15%, Fig. S2 ). Regardless, this behaviour is unlikely to skew our determination of cell stiffness, since we use only data from the first 5 min of encapsulated growth -when strain in the gel is still within the linear, elastic regime (Fig. S2) to calculate the initial growth rate. Assuming a cell wall thickness of 30 nm, our simulations predict that the longitudinal Young's modulus of B. subtilis BB11 cells is 100-200 MPa (Fig. 4D) .
Quantifying the role of MreB in cell mechanics
To demonstrate the utility of CLAMP for determining whether a change in stiffness occurs after a physiological perturbation, we focused on the role of the cytoskeleton in determining the stiffness of E. coli cells. MreB, a prokaryotic homologue of eukaryotic actin, is essential for maintaining a rod-like shape in bacteria such as E. coli, B. subtilis and P. aeruginosa (Gitai et al., 2004; Kruse et al., 2005; Carballido-Lopez and Formstone, 2007) . MreB is thought to form oligomers or short filaments that are depolymerized by the small molecule inhibitor S-(3,4-dichlorobenzyl)isothiourea (A22) (Iwai et al., 2002; Gitai et al., 2005; Bean et al., 2009) . Using optical trapping, it was recently shown that the flexural (bending) rigidity of E. coli cells is reversibly reduced approximately twofold by A22 treatment (Wang et al., 2010) . This reduction in bending rigidity supports a model in which MreB is bound to the cell wall through the inner membrane and thereby influences the bending modulus of cells. We used CLAMP to explore a different mechanical perturbation, in which the extension of the cell wall during growth is balanced by gel compression. Any significant contribution of MreB to the longitudinal stiffness of the cell would require it to remain bound to the cell wall on time scales significantly longer than growth; however, fluorescence recovery after photobleaching experiments of MreB filaments indicate rapid turnover (Defeu Soufo et al., 2010) . We used CLAMP to test the relationship between A22-induced disassembly of MreB filaments in vivo and longitudinal cell stiffness. We first ) to establish its effect on growth rate in the absence of mechanical stress. We found that inhibition of MreB by A22 did not affect the growth rate of E. coli MG1655 cells within the error of our growth rate measurements (22.3 Ϯ 4.1 min, Fig. S6C ), and there was no noticeable change in the growth of individual cells upon A22 addition (Fig. 6A) . We then encapsulated E. coli MG1655 cells in agarose gels of varying stiffness containing 10 mg ml -1 A22 and immediately measured cell elongation at 1 min intervals (Fig. 6B) . MreB was depolymerized by the time we started imaging (Fig. S8) , and cells maintained their rod shape during the 30 min imaging time frame. Our measurements of agaroseembedded cells indicated that A22 treatment caused only a slight reduction in the initial fractional elongation rate (Fig. 6C ) that was well within the error bars of our measurements, in quantitative agreement with the maintenance of growth rate of unencapsulated cells; we note that A22 treatment did cause a more dramatic~30-50% reduction in the fractional elongation after 30 min (Fig. 6B) . These data suggest that MreB alone has no effect on the longitudinal stiffness of actively growing E. coli cells, although growth in the absence of MreB may reduce cell wall stiffness. A. Growth rate of individual E. coli cells (n = 13) in a microfluidic flow chamber is not affected by A22 treatment at t = 0. B. Average growth curves (solid lines) for cells embedded in 1-5% agarose gels (n Ն 24 cells for each agarose concentration); black to green gradient denotes increasing agarose concentration and therefore increasing gel stiffness. Dashed lines are fits to Eq. 5 of growth during the first 20 min. C. The average initial fractional extension rate during the first 5 min of growth is shown for cells with (pink) and without (blue) A22 as a function of increasing agarose stiffness. Liquid growth rate without A22 was used to normalize both curves. Error bars represent one standard deviation above and below the mean. Dashed lines represent fits to Eq. 4. D. Average growth curve (solid line) for cells embedded in a 3% agarose gel (n Ն 9). A22 was added to the gel after 6 min of growth. Shaded regions in A, B and D indicate one standard deviation above and below the mean growth curves.
As a further test, we realized that if MreB altered the longitudinal stiffness of the cell wall during growth, A22 treatment should reduce the amount of extensive force the cell is able to produce to displace the gel. For cells growing in agarose after sufficiently long time scales, treatment with A22 would then rapidly reduce cell length due to the force exerted on the cell by compression of the gel. Six minutes after encapsulating E. coli MG1655 cells within a 3% w/v agarose gel, we added a solution of A22 to the surface of the gel that after diffusion would produce a final A22 concentration of 10 mg ml -1 within the gel, which is larger than the concentration required for MreB depolymerization. We imaged the cells throughout this procedure and found no detectable reduction in the length or growth rate of the cells after A22 treatment (Fig. 6D) . Taken together, these observations indicate that MreB does not affect the longitudinal Young's modulus of the cell envelope during growth, and that MreB is bound to the cell wall in an unstressed state such that its depolymerization does not alter the mechanical equilibrium between cell wall extension and turgor forces.
Discussion
Here we describe an integrated computational and experimental approach for measuring the longitudinal stiffness of live, intact bacteria (Fig. 1) . Cell growth was inhibited by encapsulation in stiff agarose gels (Fig. 2) in which the cells remained metabolically active (Fig. S4) . Previous studies have demonstrated the long-term survival of bacterial cells encapsulated in rigid materials (Flemming et al., 1994; Young et al., 2006) , with one study showing that cells of Azospirillum brasilense and Pseudomonas fluorescens are viable even after 14 years of encapsulation in alginate (Bashan and Gonzalez, 1999) . We used CLAMP to determine E cell for the rod-shaped bacteria E. coli, B. subtilis and P. aeruginosa (Figs 4 and 5) and thereby laid the groundwork for studying a wide range of other bacteria. Our simple, one-dimensional biophysical model for the elongation of rod-shaped cells embedded in gels predicts all of the qualitative features of our experiments (Fig. 3) , and our three-dimensional finite-element simulations make possible quantitative comparisons with experimental data (Fig. 4) .
Our measurements indicate a range of Young's modulus values for E. coli cells that is three to fivefold higher than some AFM measurements of isolated cell walls (Yao et al., 1999; Deng et al., 2011) , although the large spread of AFM data for E. coli in the literature suggests that these measurements are extremely sensitive to environmental conditions. In contrast to many AFM measurements, our measurements specifically address the stiffness of live, growing cells, which may be different from isolated cell walls; for instance, the outer membrane of Gram-negative cells may also contribute to stiffness such that our measurements actually probe the combined stiffness of the cell envelope. It is also possible that the high values of E cell that we have inferred are inflated due to incomplete polymerization of the gel around the cell (leading us to assume a higher gel modulus around the cell than is actually the case). While this point is difficult to address experimentally, it should not significantly affect our ability to measure relative changes in stiffness due to perturbations such as A22 treatment as long as the polymerization reaches similar levels of completeness at all gel concentrations. In fact, independent of the model used to infer cellular stiffness, our method can be utilized to determine the ratio of the stiffness of two strains of the same species or in media containing antibiotics or other biologically active small molecules by simply comparing fractional elongation rates.
Using the inhibitor A22 to rapidly depolymerize MreB, we demonstrated that MreB likely does not affect the longitudinal stiffness of the E. coli cell wall during growth; MreB disassembly had little effect on either the unencapsulated growth rate (Fig. S6B) or the encapsulated growth rate (Fig. 6) relative to untreated cells. These results demonstrate the quantitative nature of our methodology: despite cell-to-cell variation in single-cell growth rates, we observed the same A22 independence of growth rates in microfluidic flow chambers and in agarose gels across a wide range of values of stiffness. We note that our data do not contradict previous observations of MreB increasing the bending rigidity of E. coli cells (Wang et al., 2010) , which predict that a similar reduction in stiffness should be observed if forces unrelated to growth are exerted to shorten or elongate A22-treated cells. Instead, our observations probed a different scenario of growth-related elongation due to cell wall insertion. The impact of MreB on bending stiffness but not longitudinal stiffness during elongation requires MreB to form rigid polymers whose dynamics are comparable with cell wall insertion. Indeed, recent studies have shown that MreB rotates in a circumferential direction driven by cell wall synthesis (van Teeffelen et al., 2011) , and that MreB is only transiently attached to the cell wall and does not stretch as it mediates cell wall insertion, but rather unbinds and moves along the cell wall to the next position of cell wall assembly. CLAMP studies of A22 treatment of other bacterial species may help elucidate the relationship between MreB dynamics and cell wall insertion.
Our analysis has assumed linear springs; although we cannot rule out non-linear effects resulting from forces due to turgor pressure or gel compression, our method for longitudinal Young's modulus determination utilizes growth data only from the first few minutes after encapsulation, during which gel compression is small. Although our model does not enable us to distinguish between stiffness arising Measuring cellular mechanical properties with hydrogels 885 from the thickness of the cell wall versus stiffness resulting from a material with a larger Young's modulus (Fig. 3C) , our methodology generates a direct estimate for the cellular stiffness of a living bacterium. The reasonable agreement between the cellular Young's modulus determined by our measurements (Fig. 4B and D) and data from AFM experiments on isolated sacculi (Table 1) indicate that the cell wall is the major contributor to stiffness, as has been previously hypothesized. Given that the cell wall thicknesses of various Gram-negative bacteria are hypothesized to be similar (Gan et al., 2008) , our observation that the growth of encapsulated Gram-negative cells of E. coli and P. aeruginosa is slowed at a similar value of E gel (Figs 2 and 5) suggests that Gram-negative peptidoglycan is a material with common mechanical properties across species. This characteristic of peptidoglycan has important consequences for molecular-level modelling of the organization of Gram-negative peptidoglycan, and obviates the need for species-specific parameters representing peptide cross-link stiffness (Huang et al., 2008; Wang et al., 2010; Furchtgott et al., 2011) .
There are a number of advantages to our technique. CLAMP is rapid, conceptually simple, easy to implement, and employs materials that are found in most biological laboratories. The development of a computational model for analysing the growth kinetics of new bacteria is rapid and depends only on the initial shape of the cell and a model for the location of newly inserted cell wall precursors. In addition to rod-shaped bacteria, cells with other shapes can also be analysed with CLAMP. Since agarose is compatible with the encapsulation of a variety of other organisms, it should be possible to extend this technique to the measurement of yeast (Gift et al., 1996) , fungi (Jain et al., 2010) and Archaea (Ben-Dov et al., 2009) . In principle, other biologically compatible hydrogels can be used as long as they are sufficiently stiff and are physically unchanged in the presence of ions and biomolecules secreted by encapsulated bacteria. Although experimentally untested, it should be possible to measure E cell for different species simultaneously by mixing them together in the same gel, as long as the cells can be cultured in a single medium and have distinguishing features such as species-specific fluorescence or different cell morphologies.
Several aspects of this technique can be improved. CLAMP requires measurable cell growth over the time scale of an experiment, which places limitations on the time scale for determining the Young's moduli of slowgrowing bacteria. At present the technique lacks the resolution of force volume and force spectroscopy AFM measurements, although this may be a result of heterogeneity in growth dynamics between cells. Here we have reported the growth rate of cells in agarose gels that vary by 1% (w/v) concentration changes; it is possible to make gels reproducibly that vary by smaller increments. The resolution of CLAMP may be improved by measuring cell growth at smaller increments of gel concentration, possibly increasing the accuracy of determining the growthinhibiting gel concentration. CLAMP is ultimately limited by the resolution of optical microscopy, which makes it difficult to detect very small changes in cell length. One approach for improving the resolution is to incorporate fluorescent nanoparticles into the gel as tracers before polymerization and employ traction force microscopy to measure the displacement of the particles by the cells (Wang and Lin, 2007; Sabass et al., 2008) .
There are a variety of interesting structural questions that CLAMP is particularly well suited to probe in bacteria. For example, CLAMP will enable studies of the mechanical properties of bacterial cells in the context of antimicrobial technologies. b-Lactams are the most successful family of antibiotics to date, targeting the enzymes that assemble and remodel the peptidoglycan. These small molecules are suicide inhibitors of the penicillin-binding proteins that play a role in peptidoglycan synthesis during cell replication (Popham and Young, 2003) . Inhibition of the penicillinbinding proteins produces defects in the cell wall and leads to changes in cell shape and size and eventually to lysis (Nilsen et al., 2004; Varma and Young, 2004) . Although the b-lactams have been mainstays in the arsenal of antimicrobial compounds since the 1940s, the resistance of bacteria to these compounds has slowly reduced their impact in the treatment of infections. New families of small molecules that inhibit the assembly and reorganization of the cell wall await discovery (Ha et al., 2001; Silver, 2003; Lange et al., 2007; Gross et al., 2008; van Dam et al., 2009) ; an important step in the development of these compounds is a quantitative, mechanistic understanding of the effect of small molecules on the mechanical properties of the cell wall and their attenuation of cell wall assembly and remodelling (Vollmer, 2006; van Dam et al., 2009) . Given our success in assaying the mechanical effects of A22-mediated MreB disassembly (Fig. 6 ), CLAMP provides a framework upon which a highthroughput technique may be developed to identify new targets and small molecules that disrupt cell wall assembly and ultimately pathogenesis.
Our work demonstrates how CLAMP can be used to build quantitative relationships between physiological changes and the mechanical properties of the bacterial cell envelope. Deriving physical parameters such as the Young's modulus can have significant impact on our understanding of how cells interact with each other and the surrounding microenvironment, how cells grow and divide and the common features of cell envelope synthesis across different species. In concert with fluorescent labelling, it may also provide insight into the role of intracellular spatiotemporal organization on the assembly of the cell wall. We anticipate that CLAMP will be particularly useful to microbiologists because it opens a window into viewing the mechanical properties of microbial cell walls, a characteristic that makes this technique particularly useful for building connections among genetics, biochemistry and bacterial cell shape.
Experimental procedures
Preparation of agarose prepolymer
Stock solutions of 5% and 8% w/v UltraPure agarose (Invitrogen Corporation, Carlsbad, CA, USA) were prepared by dissolving agarose in 100 ml of LB medium consisting of tryptone (1% w/v), yeast extract (0.5% w/v) and sodium chloride (1% w/v). The stock solution was autoclaved and stored at 100°C on a heated magnetic stirrer. Working solutions were prepared by mixing LB prewarmed to 65°C with the required volume of the agarose stock solution. We prepared 1-5% (w/v) agarose working solutions from the 5% w/v agarose stock and 6-8% (w/v) agarose working solutions from the 8% agarose stock. The gels were visually homogeneous, with no particulates or deformations observed under high magnification.
Growth of bacterial strains
Individual liquid cultures of E. coli MG1655 and P. aeruginosa PAO1 were prepared by diluting overnight cultures 1:100 into fresh LB. Liquid cultures of B. subtilis BB11 were prepared by diluting an overnight culture 1:100 into fresh LB containing 1 mM IPTG and 0.2 mg ml -1 phleomycin. Liquid cultures of E. coli FB76 (Bendezú et al., 2009) were prepared by diluting an overnight culture 1:100 into fresh LB containing 25 mg ml -1 chloramphenicol. All cultures were grown in a shaker at 37°C with shaking to an absorbance of 0.6 (l = 600 nm).
Microfluidic flow chamber growth measurements
Cells were grown to an absorbance of 0.1 (l = 600 nm) in LB, diluted 1:100, and loaded into an ONIX Microfluidic Plate (CellASIC Corporation, Hayward, CA, USA). B. subtilis BB11 was grown supplemented with 1 mM IPTG and 0.2 mg ml -1 phleomycin. Cells were imaged for 30 min at 30 s intervals using a Nikon Eclipse Ti-E inverted microscope running mManager and equipped with a Nikon Plan Apo 100X objective (numerical aperture of 1.4). To measure whether a change in growth rate occurred when E. coli MG1655 cells were treated with A22, cells were seeded into the ONIX chip at an absorbance of 0.001 (l = 600 nm); after 30 min the medium was switched to LB supplemented with 10 mg ml -1 A22, and imaging was continued for an additional 30 min.
Cell length measurements were obtained by using MicrobeTracker (Sliusarenko et al., 2011) ; fractional extension growth curves and fits were performed using custom MATLAB (The MathWorks, Natick, MA, USA) code. Growth curves that showed unusually large length variation in a single 30 s time step were rejected as a result of probable noise in MicrobeTracker length fitting. Cells that did not grow more than~2% in the first 5 min were also discarded. Strain curves were fit to the exponential function A exp(at).
Preparation of polydimethylsiloxane (PDMS) chambers
Polydimethylsiloxane elastomer (Dow Corning, Midland, MI, USA) was prepared at a ratio of 10:1 base : curing agent. We used a spincoater (Laurell Technology Corporation, North Wales, PA, USA) to coat #1.5 glass cover slips with a 250 mmthick layer of PDMS prepolymer. The PDMS was polymerized by incubating the cover slips for 8-10 h at 65°C. To prepare a chamber for defining the geometry of the agarose gel, we used a scalpel to cut a square 15 mm ¥ 15 mm opening in the centre of the PDMS layer; the height of the chamber was 250 mm.
Encapsulation of live bacterial cells in agarose gels
An aliquot (17 ml) of a log-phase liquid bacterial culture was centrifuged for 5 min at 3000 g. We resuspended the resulting cell pellet in 12 ml of LB and centrifuged again for 5 min at 3000 g. The resulting cell pellet was resuspended in 200 ml of LB and used for cell encapsulation experiments. Immediately before each experiment, a stock solution of the agarose prepolymer was prepared as described above; from the stock solution, we prepared 10 ml working solutions of agarose and incubated them at 65°C for 5 min to equilibrate. For epifluorescence imaging of strain FB76, the agarose stock solution was made using 1¥ phosphate-buffered saline rather than LB to reduce background fluorescence. We incubated the working solutions in a 37°C water bath for 1 min prior to the addition of cells. The bacterial cell suspension (200 ml) was incubated at 37°C for 2 min and added to the working solution. Two hundred microlitres of the cell/agarose suspension was poured into a PDMS chamber that was prewarmed to 42°C on a plate heater to ensure that higher-percentage agarose gels did not polymerize instantly. A glass cover slip was pressed against the surface of the PDMS jig and excess molten agarose was forced out, resulting in a 250 mm-thick agarose pad. The gel was incubated on the plate heater for 1 min and then removed and gelled at 25°C. The top glass cover slip was removed from the chamber, the gel was overlaid with LB, the bottom cover slip containing the gel was positioned on the stage of an inverted microscope and the cells were imaged.
Imaging cells
We measured the growth rates of cells encapsulated in agarose gels using phase optics on a TE2000-E + PFS inverted microscope (Nikon, Tokyo, Japan) equipped with a heated stage (Tokai hit, Fujinomiya, Japan), an objective heater (Bioptechs, Butler, PA, USA) and a CoolSNAP DV2 camera (Photometrics, Munich, Germany). The objective heater and heated stage were held at 37°C. We used a Nikon PlanApo 60X oil objective to capture a field of view containing multiple well-separated cells. We imaged cells at focal planes that were~50 mm below the surface of the gel to ensure that cells: (i) were completely encapsulated in agarose and were located far enough from the gel edge to avoid mechanical effects from the edge of the agarose, (ii) exchanged gas rapidly, which enabled strictly aerobic bacteria such as B. subtilis to grow and (iii) were kept in a region of the gel at a constant temperature. We acquired phase contrast images at 1 min intervals over 30 min.
Data analysis
We analysed time-lapse images using MATLAB 2010b (The MathWorks, Inc., Natick, MA, USA) script MicrobeTracker (Sliusarenko et al., 2011) and determined the length of individual cells as a function of time. We manually discarded data from cells that were egregiously out of plane at any stage and growth curves in which errors in cell outline detection led to large, unphysiological jumps in extension. Moreover, small errors in cell length measurements due to out-of-plane growth would not affect our analysis of the relative cell length increase DL/L0, since any out-of-plane correction will affect DL and L0 proportionately. The MicrobeTracker parameter file is provided in Table S1 . Average growth curves were determined from measurements of 17-51 cells from each species at each agarose concentration.
Measuring the Young's modulus of agarose gels (Egel)
Agarose gels (1-8% w/v) were prepared immediately prior to tensile testing and stored in ddH2O to keep them hydrated; they were prepared as described above without encapsulated cells. Gels were cast in a custom-fabricated mold to comply with the specifications of ASTM D638-03 type IV samples with a gage length of 44.5 mm (ASTM Standard D638, 2003) . We used an Instron Model 5548 MicroTester (Instron, Norwood, MA, USA) equipped with a 10 N load cell and custom self-aligning grips to measure the tensile properties of the gels. For each concentration, we measured the mechanical properties of three to nine agarose gels by elongating them at a rate of 10 mm min -1 until fracture. Tests were conducted in ambient conditions. Sample cross sections were measured with calipers, and cross head displacement was used to measure extension. Egel was determined by calculating the slope of the linear region of the stress vs. strain response (Figs S1 and S2).
Rate of growth of E. coli cells on agarose surfaces
To determine whether cell contact with agarose influenced cell growth, we measured the growth rate of E. coli MG1655 on gel surfaces. Cells were cultured and prepared as described above, and a 5 ml aliquot was transferred onto the surfaces of 1%, 3% and 5% w/v agarose gels. We inverted the gels onto a glass cover slip and imaged cell growth at 1 min intervals for 60 min at 37°C. The elongation rate was determined using MicrobeTracker, and the doubling time was determined from data for individual cells; average growth curves were essentially independent of gel stiffness (Fig. S3) .
Metabolic activity of bacteria encapsulated in agarose gels
We used the redox indicator 5-cyano-2,3-ditolyltetrazolium chloride (CTC) to measure the metabolic activity of E. coli MG1655 cells encapsulated in gels (5% w/v) in which the mechanical resistance of the gel to cell growth was large. Following encapsulation, the gels were overlaid with 200 ml of LB and incubated at 37°C. After 0, 30, 60 and 90 min of incubation, we removed the LB from the gel surface and overlaid a solution of 25 mM CTC on top of the agarose. We incubated for 30 min to allow the CTC to diffuse through the gel, after which the equilibrium concentration of CTC in the gel was 50 mM. We then imaged cells using epifluorescence microscopy (lexcitation = 484 nm; lemission = 620 nm) on a Nikon TE2000 inverted microscope using an Andor iXon EMCCD (Belfast, Northern Ireland). As a negative control, we killed E. coli MG1655 cells by exposing them to 80% ethanol for 15 min, added CTC to a final concentration of 50 mM, incubated for 30 min, transferred the cells to an agarose pad, and imaged using phase contrast and epifluorescence microscopy. CTC did not label these cells (Fig. S4) .
Effect of A22 on the mechanical properties of E. coli cells
We determined the effect of MreB depolymerization on E. coli MG1655 stiffness by adding S-(3,4-dichlorobenzyl) isothiourea (A22) to the agarose during cell encapsulation; the compound was synthesized according to published procedures and recrystallized three times (Iwai et al., 2004) . Cells and agarose working solutions were prepared as described, except that during the preparation of the agarose working solution, A22 was added to the LB to a final concentration in the gel of 10 mg ml -1 . The encapsulation of cells in agarose containing A22 caused rapid delocalization of MreB (Fig. S8) .
Computational methods
Using the finite-element analysis software COMSOL 4.2 (COMSOL, Inc., Burlington, MA, USA), we represented a cell as a thin cylindrical shell with hemispherical endcaps. The thickness of the shell was 30 nm and the cylinder had a radius of 0.5 mm and a length of 4 mm for E. coli and P. aeruginosa or 8 mm for B. subtilis. For E. coli and P. aeruginosa, Ecell was scaled by a factor of 4/30 to mimic the surface modulus of a shell with thickness 4 nm. We set the Young's modulus of the endcaps to 1000 MPa to focus on the elongation of the cylindrical region. The surrounding gel was a cylindrical volume 50 mm in length along the long axis of the cell and 20 mm in diameter along the other two dimensions. Egel was varied according to the gel moduli in Fig. S1 , while Ecell was varied from 10 to 250 MPa. Most rigid polymers have a Poisson ratio between 0.3 and 0.5 (Simmons and Wang, 1971 ), thus we assumed a Poisson ratio of n = 0.4 for all 3D simulations; the precise value of n has little effect on our results. To mimic elongation of the cylindrical body, the rest length of the cylinder was increased by 1%. After the cell and gel relaxed to a new mechanical equilibrium, the length of the cell was measured to compute the relative extension DL/L0.
